Rhodococcus sp. strain Mel was isolated from soil by enrichment and grew in minimal medium with melamine as the sole N source with a doubling time of 3.5 h. Stoichiometry studies showed that all six nitrogen atoms of melamine were assimilated. The genome was sequenced by Roche 454 pyrosequencing to 13؋ coverage, and a 22.3-kb DNA region was found to contain a homolog to the melamine deaminase gene trzA. Mutagenesis studies showed that the cyanuric acid hydrolase and biuret hydrolase genes were clustered together on a different 17.9-kb contig. Curing and gene transfer studies indicated that 4 of 6 genes required for the complete degradation of melamine were located on an ϳ265-kb self-transmissible linear plasmid (pMel2), but this plasmid was not required for ammeline deamination. The Rhodococcus sp. strain Mel melamine metabolic pathway genes were located in at least three noncontiguous regions of the genome, and the plasmid-borne genes encoding enzymes for melamine metabolism were likely recently acquired.
T
he s-triazine ring compounds were among the first organic compounds synthesized (15) . Melamine (2,4,6-triamino-1,3,5-triazine) ( Fig. 1) , first synthesized by Liebig in 1834, is the largest-volume s-triazine compound in commerce today, with recent worldwide production exceeding one million tons (41) . Melamine, which is used for common polymers, was recently identified as the toxic adulterant in dairy products, most notably infant formula in China (16) . A small set of soil bacteria has been identified whose members metabolize melamine as their source of nitrogen to support growth (6, 7, 11) . The melamine degradation pathway was initially characterized by Cook and coworkers (5, 17) in a bacterium that was initially designated a Pseudomonas sp. (6) but has since been reclassified as a species of Acidovorax. Another melamine-degrading bacterium, later identified as Rhodococcus corallinus NRRL B-15444R (7), subsequently reclassified as Gordonia rupripertincta (14) , and shown here to belong in the genus Williamsia (see Fig. S1 in the supplemental material), was found to contain TrzA, an enzyme which hydrolytically deaminated melamine as its primary demonstrated activity (21, 30) .
Melamine was found to undergo a series of hydrolytic reactions to ultimately yield ammonia and carbon dioxide (Fig. 1) . While some of the melamine pathway genes were characterized in molecular genetic studies by Eaton and Karns (10, 11) , not all genes in the pathway were identified. For example, an ammeline (4,6-diamino-2-hydroxy-1,3,5-triazine)-deaminating enzyme was not identified until recently and was shown in some organisms to be a guanine deaminase that "moonlights" as an ammeline deaminase (28) . Similarly, the last step was initially thought to be catalyzed by urease, but more recently allophanate hydrolase was found to be the terminal enzyme releasing the last two equivalents of ammonia from allophanate (carboxyurea) (4) (Fig. 1) . While some of the details have been elucidated, there are still outstanding questions regarding the melamine degradation genes and enzymes in bacteria. The present study begins to provide some of those details. In this study, we isolated and characterized a new Rhodococcus strain with the ability to grow on melamine as a sole nitrogen source for growth and have identified new melamine metabolic genes. The majority of genes were found to be localized to different regions of a ϳ265-kb, selftransmissible plasmid. Our results show that plasmid-borne genes encoding enzymes for melamine metabolism were likely recently acquired in Rhodococcus sp. strain Mel and are located in at least three noncontiguous regions of the genome.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and chemicals. The bacteria used in this study are shown in Table 1 . All chemicals were obtained from Sigma-Aldrich (St. Louis, MO), except ammeline and ammelide (2-amino-4,6-dihydroxy-1,3,5-triazine), which were synthesized in our lab (29) . Escherichia coli was grown at 37°C on LB medium; all other strains were grown at 28°C on LB, 2ϫ YT medium (24) , or nitrogen-free basal salts medium (NFB) (36) using 0.4% sodium acetate as the carbon source and different nitrogen (N) sources.
The Rhodococcus sp. strain Mel was obtained from a fill soil at the University of Minnesota by enrichment culture using NFB medium and 0.5 g soil as an inoculum, 0.2% each of glucose, sodium acetate, and succinate as carbon sources, and 0.8 mM melamine as the sole nitrogen source. The enrichment culture was transferred four times, and a pure culture was obtained by repeated streaking on NFB plates containing 5.0 mM melamine as the sole N source.
Nucleic acid isolation and manipulation. Plasmid and genomic DNA from Rhodococcus sp. strain Mel was purified using QIAprep spin miniprep and DNeasy blood and tissue kits (Qiagen, Valencia, CA), respectively. Cells were treated with mutanolysin (1), and DNA was purified on CsCl (23, 40) . PCR was carried out using Phusion High-Fidelity DNA polymerase (New England BioLabs, Ipswich, MA), and the primers are listed in Table S1 in the supplemental material. PCR products were purified from gels using a QIAquick gel extraction kit and cloned using a StrataClone PCR cloning kit (Agilent Technologies, Santa Clara, CA).
Taxonomic identification. The single pure culture bacterium was Gram stained and examined microscopically, and 16S rRNA genes were amplified with primer pair 27F and 1525R (18) and sequenced at the University of Minnesota Biomedical Genomics Center (BMGC). Taxonomic assignment was done using alignments made with the RDP II software program and based on 16S rRNA genes sequences from 30 Rhodococcus type strains. Phylogenetic trees were generated using the Weighbor tree-building algorithm (2) .
Growth and degradation studies. Growth and degradation studies were done using NFB medium containing 1.0 mM melamine or 6 mM NH 4 Cl. Inocula were prepared in NFB medium supplemented with 6.0 mM NH 4 Cl and centrifuged and washed in nitrogen-free NFB medium prior to inoculation. Nitrogen-free NFB served as a negative control. Cell growth was monitored spectrophotometrically at 600 nm. Assimilation of nitrogen by Rhodococcus sp. strain Mel was determined by measuring growth after 4 days in triplicate cultures containing 0.12, 0.24, 0.48, 0.96, 1.92, or 3.84 mM total nitrogen atoms from either melamine or NH 4 Cl.
Identification of degradation intermediates. High-performance liquid chromatography (HPLC) analyses were done as previously described (27) , except an Alltech Alltima Amino column (250 mm by 4.6 mm, 5-m particles) was used with an isocratic mobile phase consisting of 78% acetonitrile and 22% 5 mM phosphate buffer (pH 6.7) (35) at a flow rate of 0.375 ml/min. Retention times for melamine, ammeline, ammelide, and cyanuric acid standards monitored at 224 nm were 14.8 to 17.0, 32.4 to 35.6, 27.0 to 29.0, and 14.2 to 17.2 min, respectively. Melamine and cyanuric acid had overlapping retention times but were differentiated by their UV absorbance peaks at 202 nm and 214 nm, respectively.
Screening for melamine deaminase genes and sequencing of trzA flanking regions. The presence of trzA (30) or triA (27) in Rhodococcus sp. strain Mel was determined by PCR using the primers trzA_309F and trzA_787R (see Table S1 in the supplemental material), designed from the published sequences from strain NRRL B-15444R (30) , and the atzA primers (9) , which were shown to amplify an internal fragment from triA. Primers used to sequence the remainder of trzA and flanking regions corresponding to the published trzA contig (30) are shown in Table S1 .
Genome sequencing and analyses. Total genomic DNA from Rhodococcus sp. strain Mel was sequenced using a Roche GS 454 FLX system and standard LR 70 chemistry at the University of Minnesota BMGC. Sequences were assembled, and 423 of 440 contigs were submitted to Genoscope for annotation and synteny analysis using the MicroScope (37) and Magnifying Genomes (MaGe) interface platforms (38) .
Gene synthesis, protein expression and purification, and activity assays. Synthetic versions of trzA (based on the new sequence presented here) and the putative cytosine deaminase gene on the contig number 305 were synthesized by GenScript (Piscataway, NJ) and DNA 2.0 (Menlo Park, CA), respectively. Both genes were cloned into pET28bϩ (creating pETsyntrzA and pETCDase_305syn) ( Table 1) , and His-tagged proteins were expressed in E. coli BL21(DE3) (pAG) (32) or BL21(DE3). The trzA expression strain was supplemented with 0.2 mM ZnSO 4 , and chaperones GroEL and GroES were induced from pAG with 0.5% L-arabinose for 1 h prior to induction of trzA with 1.0 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) for 19 h. The synthetic putative CDase was induced with 0.1 mM IPTG for 20 h at 16°C. Cells were harvested and broken, and proteins were purified as previously described (28) . High-purity fractions (determined by SDS-PAGE) were pooled and dialyzed. Activity was measured as ammonia release from 1.0 mM melamine or 0.3 mM ammeline or ammelide by 1.0 to 10.0 g protein using the Berthelot method (22, 28) .
Plasmid analysis. Pulsed-field gel electrophoresis (PFGE) was used to resolve plasmids in Rhodococcus sp. strains essentially as described by Yang et al. (42) . The lambda ladder and yeast chromosome PFG markers (New England BioLabs) were used to estimate plasmid size. Plasmid bands were excised from the gel, and PCR was done using primers specific for trzA, merA, or putative mercury transporter genes (see Table S1 in the supplemental material).
FIG 1 Comparison of the hydrolytic degradation pathways of melamine
and atrazine. The genes encoding microbial enzymes that catalyze each step are indicated. All of the enzymes catalyzing the first three steps of both pathways are members of the amidohydrolase superfamily (11, 26, 31, 32) . The first step after the pathways converge is catalyzed by cyanuric acid hydrolases (13) , which are in an uncharacterized family that includes members with only one other known functionality (barbiturases) (34) . The known biuret deaminating enzymes belong to two different superfamilies: AtzE and TrzF are in the amidase signature superfamily, and pRL100352 encodes a cysteine hydrolase superfamily biuret hydrolase in Rhizobium leguminosarum bv. viciae 3841 (3). The known microbial allophanate hydrolases are also members of the amidase signature superfamily. Superscript numbers: 1, GDA is an abbreviation of guanine deaminase; 2, ammeline deamination by AtzB was reported in one study (26) but was not observed in a later study (28); 3, Moth-2120 encodes a cyanuric acid hydrolase in Moorella thermoacetica ATCC 39073 (19) .
Plasmid curing studies. Rhodococcus sp. strain Mel was cured of plasmids by culturing in LB medium containing 5 g acridine orange per ml for 5 days at 37°C. Randomly selected clones were screened for the inability to grow using melamine or its pathway intermediates as N sources and for the loss of pathway genes by PCR using primers in Table S1 in the supplemental material. Mercury resistance was assayed on LB plates containing 10 g HgCl 2 per ml. Loss of pMel2 in the cured strains was verified by PFGE, and strain identity was confirmed by sequencing of 16S rRNA genes.
Plasmid transfer. Rhodococcus sp. strain Mel and the plasmidless Rhodococcus erythropolis strain BD2.101 (8) were patch mated on LB agar for 24 h at 28°C, and transconjugants containing plasmids were selected on 300 g streptomycin and 5 g HgCl 2 per ml. Transconjugants were evaluated for growth on melamine and its degradation intermediates as described above. Acquisition of a plasmid by transconjugants was verified by PFGE, and strain identity was verified by PCR amplification and sequencing of the strain BD2.101 barbiturase gene using the primers Bar_479F and Bar_904R (see Table S1 in the supplemental material).
Gene deletions. Deletions in the Rhodococcus sp. strain Mel open reading frames (ORFs) on contigs 37 and 305 were created by homologous recombination using flanking regions amplified by PCR, cloned into pK18mobsacB (25) , and introduced by electroporation (39) . The primers used (see Table S1 ) made a 1,574-bp deletion in the putative isochorismatase family protein and a 910-bp deletion within cyanuric acid hydrolase. Clones were examined for the ability to grow on melamine pathway intermediates and for the presence/absence of ORFs by PCR as described above.
Nucleotide sequence accession numbers. 
RESULTS

Isolation and identification of a novel melamine-degrading bacterium.
A bacterium that grew using melamine as a sole nitrogen (N) source was obtained by enrichment culture. Sequence analysis of 16S rRNA genes (1,473 nt) and phylogenetic analysis placed the bacterium in a clade that included Rhodococcus qingshengii, Rhodococcus baikonurensis, and R. erythropolis, with the node supported by 84% of bootstrap replicates (see Fig. S1 in the supplemental material). Based on these analyses we refer to this bacterium as Rhodococcus sp. strain Mel.
Growth on melamine and identification of metabolic intermediates. Rhodococcus sp. strain Mel had a doubling time of 3.53 Ϯ 0.53 or 2.67 Ϯ 0.18 h when cells were grown on melamine or NH 4 ϩ as the sole N source, respectively. The resulting growth curves (Fig. 2) had similar shapes. The bacterium did not grow without an added N source.
Results in Fig. 3A show that the melamine concentration in cell-free supernatants decreased with growth. Ammeline, ammelide, and cyanuric acid transiently appeared and disappeared in the culture medium as melamine disappeared (Fig. 3B) . Growth yield results (see Fig. S2 in the supplemental material) showed that the bacterium assimilated all 6 nitrogen atoms from melamine, indicating that Rhodococcus sp. strain Mel completely metabolized the triazine ring of melamine.
Identification of a melamine deaminase gene in Rhodococcus sp. strain Mel. The trzA sequence from Rhodococcus sp. strain Mel Fig. S3 in the supplemental material) by only three nucleotides. Our sequencing revealed that the first nucleotide difference created a frameshift and that the second and third nucleotide differences restored the original reading frame (see Fig. S3 ).
The trzA gene was amplified from strain NRRL B-15444R and resequenced (GenBank accession no. JN241635) in the present study. This showed that trzA from strain NRRL B-15444R was 100% identical to the trzA homolog found in Rhodococcus sp. strain Mel and that there were errors in the published sequence of trzA. Sequencing the upstream and downstream regions flanking trzA in both strains (see Fig. S3 ) revealed additional errors in the original published contig sequence that included trzA (30) . The translated corrected TrzA sequence had 51% sequence identity to TriA and contained an HTH motif at positions 65 to 67 that was conserved in TriA. This HxH motif is characteristic of amidohydrolase superfamily enzymes, including TriA (27) , and likewise TrzA was found here to be homologous to amidohydrolase superfamily proteins.
The trzA gene from Rhodococcus sp. strain Mel encodes a functional melamine deaminase. A polypeptide close to the predicted molecular mass of 54 kDa was observed in induced E. coli BL21(DE3) cultures containing a synthetic trzA gene derived from the Rhodococcus sp. strain Mel sequence. Coexpression of the synthetic trzA gene with the chaperones GroEL and GroES in E. coli BL21(DE3)(pAG) produced soluble polypeptide, and the recombinant TrzA protein was purified to near-homogeneity (see Fig. S4 in the supplemental material). Recombinant TrzA had high melamine deaminase activity, with a specific activity of 57.5 mol min Ϫ1 mg Ϫ1 at 25°C and pH 7.0 (Table 2) . No activity was detected with ammeline or ammelide.
Sequence identification of putative melamine degradation pathway genes. Genomic DNA from Rhodococcus sp. strain Mel was sequenced (with an average read length of 235 nt) and generated 96,981,760 nucleotide bases. A total of 366 contigs comprising 7,577,258 nt (13-fold coverage) were aligned and annotated (37, 38) . The annotated sequences were searched for homologs to the known melamine pathway genes identified in Fig. 1 .
The trzA gene was identified on contig 305 (22,353 bp, 28 ORFs; GenBank accession no. JN241636) within a cluster of nine other putative ORFs. The ORFs in the cluster were annotated as encoding (5=¡3=) an ammelide aminohydrolase (AAH), a cyanuric acid hydrolase (CAH), a DUF1114 isochorismatase (cysteine hydrolase superfamily) fusion (here abbreviated as [iso]) (possible biuret hydrolase), four putative ABC transporter proteins, a putative cytosine deaminase (CDase), TrzA, and an allophanate hydrolase (AH) (Fig. 4A) . Another cluster of ORFs located on contig 37 (17,962 bp, 23 ORFs; GenBank accession no. JN241637) also potentially encoded enzymes in the lower melamine degradation pathway (the mineralization of cyanuric acid to carbon dioxide and ammonia) (Fig. 1) . The ORFs in contig 37 (5=¡3=) were annotated as a GntR family transcriptional regulator, a xanthine/uracil permease, a putative cyanuric acid hydrolase (CAH), an isochorismatase family protein, biuret hydrolase, a protein of unknown function, and a putative allophanate hydrolase (AH) (Fig. 4B ). Contig 37 also contained four ORFs potentially encoding a mercury resistance system, an annotated mercury transport protein, a MerR family transcriptional regulator, a mercuric reductase (merA), and an alkylmercury lyase (merB) (Fig. 4B ). These were the only putative mercury resistance genes identified in the annotated sequences, and strain Mel was found to be resistant to Ն10 g/ml Hg 2ϩ . The arrangements of these and other ORFs on contigs 305 and 37 were not syntenic with regions in other Rhodococcus genomes. Percent sequence identities of the putative pathway enzymes to known functional triazine degradation pathway enzymes are shown in Table S2 in the supplemental material.
Melamine degradation pathway genes are not organized into a single operon in strain Mel. The putative cyanuric acid hydrolases identified on contigs 37 and 305 had similar percent sequence identities (35 to 43%) to known cyanuric acid hydrolases (see Table S2 in the supplemental material). However, the putative biuret hydrolase on contig 37 had much higher sequence identity to the Rhizobium leguminosarum biuret hydrolase (67%) (3) than did the homolog on contig 305 (27%) (see Table S2 ). To determine if the ORFs on contig 37 were authentic melamine pathway genes, gene deletion mutants were created by homologous recombination using flanking regions cloned into plasmid pK18mobsacB. Plasmid pK⌬CAH-Isoc_37 was used to delete a 1,574-bp region on contig 37, from position 27 in the putative cyanuric acid hydrolase through position 543 in the isochorismatase family protein (putative biuret hydrolase) (Fig. 4B) . Clones that could not grow on cyanuric acid or biuret as N sources were obtained. PCR analysis of two mutant clones (4-9 and 4-13) confirmed that the targeted region on contig 37 was deleted in both mutants. In contrast, PCR analyses indicated that the other putative cyanuric acid hydrolase and isochorismatase family proteins on contig 305 were still present in both of the mutants. These results indicated that the ORF on contig 37, annotated initially as encoding an isochorismatase family protein, actually encoded a functional biuret hydrolase. To confirm that the putative cyanuric acid hydrolase gene on contig 37 encoded a functional cyanuric acid hydrolase, a deletion spanning positions 27 to 937 in that ORF was made using plasmid pK⌬CAH_37. Clones were obtained that did not grow on cyanuric acid, indicating that this ORF encoded the functional cyanuric acid hydrolase in Rhodococcus sp. strain Mel.
A similar approach was attempted to make deletions in the putative ammelide hydrolase in the contig 305 gene cluster (Fig.  4A) . PCR analysis revealed that all of the mutants obtained had a nonspecific deletion of all ORFs on contig 305. These mutants showed nitrogen-limited growth on ammeline but did not grow on melamine or ammelide as sole N sources. Although the extent of the gene deletions beyond contig 305 could not be ascertained, these results support the contention that the putative ammelide aminohydrolase was annotated correctly and that ammeline deaminase activity was not encoded on contig 305. The putative cytosine deaminase (CDase) adjacent to trzA on contig 305 (Fig.  4A ) was also considered to be a possible ammeline or ammelide deaminase, but the expressed and purified polypeptide from this ORF did not catalyze the deamination of ammeline or ammelide.
Plasmid localization of melamine pathway genes in the strain Mel genome. Pulsed-field gel electrophoresis (PFGE) analysis revealed that the Rhodococcus sp. strain Mel genome contained two large plasmids of ϳ650 kb (pMel1) and ϳ265 kb (pMel2) in size (Fig. 5A) . Changing the switch time did not affect how the plasmid bands ran relative to linear size standards, suggesting that both plasmids were linear. PCR analyses done using extracted plasmid bands as a template and primers specific for trzA (on contig 305), merA, or the putative mercury transporter gene (on contig 37) indicated that these genes, and hence both contigs, were located on plasmid pMel2 (data not shown). While other bands were observed above pMel1, it was not clear if these bands represented an additional plasmid(s) or were electrophoretic artifacts (Fig. 5A) .
Plasmid curing studies using acridine orange were done to confirm that the identified melamine pathway genes were located on pMel2. Clones that lost the ability to grow using melamine as an N source were analyzed for loss of plasmids. PFGE analyses indicated that all five cured strains lost pMel2 and retained pMel1 (Fig. 5B) . PCR analyses indicated that these strains lost the functional and putative melamine pathway genes identified on contigs 37 and 305 (data not shown). Moreover, the cured strains could not grow using melamine, ammelide, cyanuric acid, or biuret as sole N sources. The strains grew slowly and with limited yield on ammeline as the sole N source, suggesting that only one of the five nitrogen atoms in ammeline was utilized. HPLC analysis of culture supernatants confirmed the conversion of ammeline to ammelide, which accumulated (data not shown). Rhodococcus sp. strain Mel was patch mated with plasmidless R. erythropolis BD2.101 (8) , and streptomycin-and mercuryresistant BD2.101-derived transconjugant clones (T-1, T-2, T-3, and T-6) were found to grow on melamine, ammelide, cyanuric acid, and biuret as sole N sources. This indicated that the genes encoding enzymes for these steps in the melamine degradation pathway were self-transmissible from strain Mel to other bacteria. PFGE analysis confirmed that the transconjugants acquired a plasmid from the mating with Rhodococcus sp. strain Mel (data not shown). However, the plasmid was of intermediate size (ϳ460 kb) compared to pMel1 and pMel2, suggesting that a recombination event occurred. The plasmid was not further characterized. Taken together, PFGE, PCR, curing, and conjugation studies support the plasmid localization of genes encoding enzymes that catalyze at least four of the six steps in the melamine degradation pathway in Rhodococcus sp. strain Mel.
DISCUSSION
There are relatively few studies of the molecular basis of melamine degradation by pure bacterial cultures. While several organisms have been shown to catalyze the deamination of intermediates in the melamine degradation pathway (43) , only four bacterial strains have been previously reported to catalyze the deamination of melamine (7, 12, 17, 33) . Moreover, genes encoding melamine deaminases (triA and trzA) were previously identified in only two of those strains, and the genome context was unknown.
In Pseudomonas sp. strain ADP, six genes (atzA, atzB, atzC, atzD, atzE, and atzF) (Fig. 1 ) required for complete mineralization of the s-triazine herbicide atrazine were all found on a 109-kb plasmid, with the 3 lower pathway genes clustered together and the 3 upper pathway genes scattered on the plasmid and flanked by transposable elements (20) . Similarly, in Rhodococcus sp. strain Mel, the 3 upper pathway genes were not operonic; however, only 2 were plasmid localized. As in strain Pseudomonas ADP, the strain Mel cyanuric acid hydrolase and biuret hydrolase genes were adjacent to each other on a plasmid near a putative allophanate hydrolase gene (Fig. 4B) . The biuret hydrolases in strain ADP (AtzE) and strain Mel belong to different enzyme superfamilies (amidase signature superfamily and cysteine hydrolase superfamily, respectively), suggesting that these gene clusters arose independently.
Interestingly, strain NRRL B-15444R was found to have a cluster of genes identical to the cluster that included trzA and the putative ammelide hydrolase in strain Mel (data not shown). While the presence of identical trzA-containing gene clusters in these two disparate bacteria strongly suggests gene movement via horizontal gene transfer, strain NRRL B-15444R lacked the ϳ265-kb pMel2 plasmid and functional cyanuric acid hydrolase and biuret hydrolase genes found in strain Mel. Strain NRRL B-15444R was previously shown to assimilate all six N atoms from melamine (7) and therefore must contain a complete set of melamine catabolic genes, some of which are different from those identified in strain Mel. However, since there was no genome sequence available for strain NRRL B-1544R when the manuscript was prepared, further experimentation is required to determine the location of the functional melamine degradation pathway genes in this bacterium. 
